Background/Aims: Although osteosarcoma (OS) is the most common primary malignancy of bone, its molecular pathogenesis remains to be fully understood. We previously found the calcium-binding protein S100A6 was expressed in ~80% of the analyzed OS primary and/or metastatic tumor samples. Here, we investigate the role of S100A6 in OS growth and progression. Methods: S100A6 expression was assessed by qPCR and Western blotting. Overexpression or knockdown of S100A6 was carried out to determine S100A6's effect on proliferation, cell cycle, apoptosis, tumor growth, and osteogenic differentiation. Results: S100A6 expression was readily detected in human OS cell lines. Exogenous S100A6 expression promoted cell proliferation in vitro and tumor growth in an orthotopic xenograft model of human OS. S100A6 overexpression reduced the numbers of OS cells in G1 phase and increased viable cells under serum starvation condition. Conversely, silencing S100A6 expression induced the production of cleaved caspase 3, and increased early stage apoptosis. S100A6
The Calcium-Binding Protein S100A6 Accelerates Human Osteosarcoma Growth by Promoting Cell Proliferation and Inhibiting Osteogenic Differentiation 
Introduction
Osteosarcoma (OS) is the most common primary bone malignancy, with a high rate of overt or microscopic pulmonary metastases at the time of diagnosis [1] [2] [3] [4] [5] [6] [7] . Even with improved chemotherapy and surgical techniques, many OS patients fail to achieve long-term disease-free survival due to the development of resistance to therapeutic interventions [1, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Although numerous molecular and genetic alterations have been associated with OS development [2, 3, 6, 7, [18] [19] [20] [21] , the step-wise molecular pathogenesis underlying OS development and progression remains unclear. We previously demonstrated that Wnt/ -catenin, IGF signaling, nuclear receptor signaling, and lysophosphatidic acid acyltransferase β (LPAATβ) may be involved in OS development and/or metastasis [22] [23] [24] [25] [26] . Furthermore, we have shown that OS may be caused by differentiation defects, as osteogenic BMPs fail to induce osteogenic differentiation and promote OS tumor growth [6, 7, 27, 28] . Thus, understanding the molecular mechanisms underlying bone and skeletal development may provide clues to the molecular pathogenesis of OS [20, [28] [29] [30] [31] [32] [33] .
We previously found that S100A6 was highly expressed in approximately 80% of primary and/or metastatic tumor samples derived from OS patients, as well as in the patient-derived human OS cell lines, when compared to normal osteoprogenitors and osteoblasts [34, 35] . S100A6 is a member of the S100 family of proteins, consisting of over 20 low molecular weight EF-hand calcium binding proteins located on human chromosome 1 [36] [37] [38] [39] . Several S100 proteins, including S100A2, S100A4, S100A7, and S100B, have been shown to be upregulated or otherwise differentially expressed in human tumors [37, [39] [40] [41] [42] . S100A6 was shown to be overexpressed in several types of human tumors [37, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Although S100A6 has been shown to interact with cytoskeletal elements, heat-shock response proteins, and with regulatory elements of the ubiquitin and apoptotic cascades [40, 54, 55] , the functional role of S100A6 in OS tumorigenesis and progression remains unclear.
Here, we investigated the role of S100A6 in human OS tumorigenesis. S100A6 expression was readily detected in human OS cell lines. Exogenous expression of S100A6 promoted cell proliferation in vitro and OS tumor growth in an orthotopic xenograft model of human OS. Mechanistically, S100A6 overexpression significantly reduced the population of OS cells in G1 phase and increased the population of viable cells under serum starvation conditions. Conversely, silencing S100A6 expression induced the late apoptotic marker cleaved caspase 3 and increased the size of the cell population undergoing early stage apoptosis. Silencing S100A6 expression increased the osteogenic differentiation activity of mesenchymal stem cells (MSCs), while S100A6 overexpression inhibited osteogenic differentiation. Accordingly, S100A6 knockdown effectively augmented bone formation induced by BMP9. Taken together, these findings strongly suggest that overexpression of S100A6 may promote OS tumor growth and OS cell proliferation. It is conceivable that targeting S100A6 may lead to the development of novel anti-OS therapies.
Materials and Methods
Tissue culture and chemicals Human OS cell lines MG63, 143B, MNG/HOS, and TE85, as well as HEK293 and C3H10T 1/2 , were purchased from ATCC (Manassas, VA). We also used a highly tumorigenic and metastatic OS subline MG63.2, as previously reported [24, 56] . The iMEFs are mouse MSCs reversibly immortalized by retroviral
Immunostaining
Immunocytochemical staining was carried out as described [75, 77, 78] . Briefly, subconfluent cells were infected with AdS100A6, AdR-siS100A6, or control adenoviruses. After 72 hours, the cells were fixed with 10% formalin, blocked with bovine serum, avidin and biotin blocking solution, and probed with an anti-cleaved caspase-3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Following incubation with secondary antibody conjugated to horseradish peroxidase (Pierce, Rockford, IL), the staining was visualized under light microscopy.
Flow cytometry analysis
For cell cycle analysis, subconfluent cells were infected with AdS100A6, AdR-siS100A6, or control adenoviruses for 24h. The cells were trypsinized and re-plated at subconfluent conditions in 6-well cell culture plates. Cells were harvested at 48h, fixed with 70% ethanol, and stained with propidium iodide. Cells were FACS analyzed using BD FACSCanto.
For apoptosis assays, subconfluent cells were infected with AdS100A6, Ad-siS100A6, or AdRFP control adenoviruses. After 24h, the cells were trypsinized and re-plated at subconfluent conditions in 6-well cell culture plates containing 1% FBS complete DMEM. Cells were harvested after 3 days, washed with PBS, stained with propidium iodide and Annexin V-FITC (BD Biosciences, San Jose, CA), and analyzed by FACS using BD FACSCanto.
Alkaline phosphatase assay
Quantitative ALP activity was assessed with a modified assay using the Great Escape SEAP Chemiluminescence assay kit (BD Clontech, Mountain View, CA) and qualitatively with histochemical staining assay (using a mixture of 0.1 mg/ml napthol AS-MX phosphate and 0.6 mg/ml Fast Blue BB salt), as previously described [79] [80] [81] . Qualitative ALP activity assay was assessed with histochemical staining assay as described [82] [83] [84] . Each assay condition was performed in triplicate and the results were repeated in at least three independent experiments.
Matrix mineralization assay (Alizarin Red S staining)
Subconfluent C3H10T 1/2 and iMEF cells were plated in 12-well cell culture plates and infected with AdS100A6, AdR-siS100A6, or control adenoviruses. These cells were cultured in 10% FBS complete DMEM in the presence of ascorbic acid (50 µg/mL) and β-glycerophosphate (10 mM). After 14 days, the mineralized matrix nodules were stained with calcium precipitate using Alizarin Red S staining as described [85, 86] . Briefly, cells were fixed with 0.05% (v/v) glutaraldehyde at room temperature for 10 min and washed with distilled water, fixed cells were incubated with 0.4% Alizarin Red S (Sigma-Aldrich, St. Louis, MO) for 5 min, followed by extensive washing with distilled water. The staining of calcium mineral deposits was recorded under bright field microscopy.
Mouse orthotopic xenograft tumor model
All animal work was conducted according to the protocol approved by the Institutional Animal Care and Use Committee of The University of Chicago (protocol #71328). Stable 143B-Luc cells were established by using a piggyBac transposon vector expressing firefly luciferase [59] . Stable 143B-Luc cells were infected with AdS100A6, AdR-siS100A6, or control adenoviruses. After 36h, the cells were harvested, suspended in PBS, injected (1 x 10 6 /0.1ml PBS/injection) subperiosteally and into the proximal posterior tibial compartment of athymic nude mice (female, Harlan Sprague Dawley, 4-6 wk old, 6 mice per group), as previously described [76, 87] . Tumor volume and doubling time were calculated using the Schwartz Formula as previously reported [74, 88, 89] . At 4 wk after implantation, primary tumors were harvested for histologic evaluation and µCT imaging, as previously described [56, 75] .
Xenogen bioluminescence imaging
Animals were anesthetized with isoflurane, injected intraperitoneally with D-Luciferin sodium salt (Gold Biotechnology, St Louis, MO) at 100mg/kg in 0.1 ml sterile PBS and imaged with the Xenogen IVIS 200 imaging system. Pseudoimages were obtained by superimposing the emitted light over gray-scale photographs of study animals. Quantitative analysis was done with Xenogen's Living Image V2.50.1 as described [75, 76, 87, 90] .
Subcutaneous stem cell implantation
The iMEF cells were infected with AdBMP9 and AdS100A6, AdR-siS100A6, or control adenoviruses. At 24h post-infection, the cells were harvested with trypsin, resuspended in PBS, and injected into the flanks of athymic nude mice (3 x 10 6 cells/injection). After 4 weeks, the implantation site masses were recovered for µCT imaging, as previously described [75, 91] . After the imaging, the data was analyzed via the Amira software (Visage Imaging, San Diego, CA).
Histologic evaluation
Retrieved tissues were fixed, decalcified in 10% buffered formalin, and embedded in paraffin. Serial sections of the embedded specimens were stained with hematoxylin and eosin (H & E) as previously described [75] .
Statistical analysis
A two-tailed Student's t-test was used to compare the S100A6 and siS100A6 groups to the controls in the calculations for the tumor doubling time, cell proliferation, crystal violet staining, Xenogen bioluminescence imaging, alkaline phosphatase assays, and cell cycle analysis. Depicted error bars represent 95% standard error. A p < 0.05 was defined as statistically significant.
Results

Endogenous expression of S100A6 is high in human osteosarcoma cell lines
While several members of the S100 protein family, such as S100A2, S100A4, S100A6, S100A7, and S100B, have been found to be overexpressed or differentially expressed in tumor samples compared to control cell lines [37, 40] , their expression pattern in OS has not been previously described. Thus, we first examined the endogenous expression of the five S100 proteins in five human OS cell lines (MG63, MG63.2, 143B, MNNG/HOS, TE85) using Fig. 1 . Endogenous S100 expression, and the overexpression or knockdown of S100A6 in human osteosarcoma cell lines. (a) Endogenous expression of S100A2, S100A4, S100A6, S100A7 and S100B in five human OS cell lines analyzed. Total RNA was isolated from the OS cells, and quantitative TqPCR was performed using human GADPH as the reference gene (a). (b) S100A6 overexpression and knockdown demonstrated in osteosarcoma cells. Subconfluent cells were infected with Ad-S100A6, AdR-siS100A6, or Ad-RFP control adenovirus. At 72h after infection, total RNA was isolated and the expression of S100A6 was analyzed using TqPCR with a pair of human S100A6 specific primers and GAPDH as the reference gene (b). All PCR reactions were done in triplicate. "**", p < 0.01. (c) Western blotting analysis. Subconfluent 143B cells were infected with AdS100A6, AdR-siS100A6, or AdRFP control adenovirus. At 72h after infection, total cell lysate was prepared and subjected to Western blotting analysis using an S100A6 antibody as described [35] . A β-actin antibody was used to assess equal loading of the samples. quantitative RT-PCR (TqPCR) analysis. As shown in Fig. 1a , the expression of endogenous S100A6 was consistently present across all OS cell lines, while there was variable expression of the other four S100 proteins under the same amplification conditions.
Exogenous overexpression of S100A6 promotes human OS cell proliferation
Overexpression and silencing of S100A6 in human OS cells, respectively, were achieved using the recombinant adenoviruses AdS100A6 and AdR-siS100A6. Both viruses were constructed and generated using the AdEasy system. The AdS100A6, AdR-siS100A6, and control adenoviruses were titrated to ensure equal infection efficiency among the human OS cell lines. As demonstrated by TqPCR with GAPDH standardization, the recombinant adenoviruses were able to overexpress or silence S100A6 expression in both 143B and MG63 cells (Fig. 1b) , which was further confirmed by Western blotting analysis using S100A6 antibody (Fig. 1c) .
Cell proliferation assay demonstrated that S100A6 overexpression led to an increase in the cell proliferation rate of 143B OS cells. Cells transfected with AdS100A6 demonstrated a statistically significant increase in cell count when compared to controls at day 3 and day 5 after plating (p < 0.05) (Fig. 2a) , as well as a decrease in cell population doubling times (p < 0.02). Specifically, the doubling times for the control, S100A6, and siS100A6 groups A similar increase in proliferation rate was observed when S100A6 was overexpressed in MG63 cells (Fig. 2b , p < 0.01). Doubling times for the MG63 cells transduced with control, S100A6, and siS100A6 adenoviruses were 25.38 ± 0.76, 23.13 ± 0.58, and 26.36 ± 0.57 hrs, respectively, reflecting a decrease in the cell proliferation rate (p < 0.005). Although adenoviral-mediated knockdown of S100A6 appeared to decrease the overall cell proliferation in both cell lines, the results were not statistically significant when compared to the control (p > 0.05).
The ability of S100A6 overexpression to promote OS cell proliferation was further demonstrated by crystal violet staining assay. When subconfluent 143B and MG63 cells were transduced with AdS100A6, AdR-siS100A6 or AdRFP for 4 days, viable cell staining with crystal violet revealed that S100A6 overexpression increased the density of viable cells, while knockdown of S100A6 expression led to a decrease in cell density compared to control group cell viability. Relative absorbance values for 143B cells transduced with control, S100A6, and siS100A6 adenoviruses were 62.5 ± 8.7, 94.75 ± 11.0, and 52.25 ± 9.12, respectively (p < 0.005), while the relative absorbances for the MG63 cells transduced with control, S100A6, and siS100A6 adenoviruses were 66.75 ± 7.4, 94.75 ± 8.8, and 54 ± 7.13, 
weeks (a).
The mice were sacrificed after 4 weeks, and the primary tumors were harvested (a). Xenogen bioluminescent measurements for each group were quantitative analyzed using Xenogen living image software (b). " * " indicates p<0.05 compared to the control groups. (c) The tumor growth curve. The tumor masses were measured every 3-4 days. Doubling times were calculated using the Schwartz formula. " * " indicates p < 0.05 compared to the control groups. (d) µCT imaging of tibia integrity. The tibias for each treatment group were imaged by using µCT and the 3D reconstruction was performed with Amira software. Note the bone destruction of the tibia and fibula in the S100A6 group (indicated by the arrow). Representative images are shown. respectively (p < 0.01) (Fig. 2c) . These results strongly indicate that S100A6 can promote cell proliferation in OS.
Overexpression of S100A6 promotes primary tumor growth in an orthotopic model of human OS
We sought to test the effect of S100A6 overexpression or silencing on OS tumor growth in vivo. Using our previously established orthotopic xenograft tumor model of human OS [27, 56, 74] , we prepared firefly luciferase-tagged 143B cells infected with AdS100A6, AdR-siS100A6, or AdRFP and injected an equal number of the transduced OS cells into the subperiosteal region of the proximal posterior tibia in athymic nude mice. Tumor growth was monitored via Xenogen bioluminescence imaging and bi-weekly caliper measurements. At the end of week 4, the mice were sacrificed and the limbs with injection sites were harvested for evaluation by MicroCT and histology. Across all time points, we found that OS cells transduced with AdS100A6 showed higher Xenogen signals and/or larger tumor masses compared to those transduced with AdRFP or AdR-siS100A6 (Fig. 3a) . There was a statistically significant increase in the average bioluminescence signal by the third week (p<0.05) (Fig. 3b) .
Measured tumor volumes were consistent with corresponding bioluminescence signals, and increased significantly in the S100A6 group starting on day 14 (p < 0.03). Although S100A6 knockdown seemingly decreased growth of the primary tumor, this result only approached statistical significance (p >0.06). S100A6 overexpression decreased the tumor doubling time by over 23% compared to that of the RFP control group's (Fig. 3c) . Specifically, the doubling times for the RFP control, S100A6, and siS100A6 groups were 7.92 ± 0.81, 6.02 ± 0.73, and 8.79 ± 0.45 days, respectively. In addition to promoting primary tumor growth, S100A6 overexpression showed readily detectable osteolytic destruction of the retrieved proximal tibias and fibulas (Fig. 3d) . Histologic staining demonstrated osteolytic lesions of the posterior tibial bone cortex and tumor cell infiltration into the bone marrow cavity in the S100A6 overexpression group. Bone destruction was less apparent in the control and siS100A6 treated group (Fig. 4) . These results suggest that S100A6 can effectively promote OS tumor growth in an orthotopic murine model of human osteosarcoma. The harvested tumor samples were fixed in 10% formalin, decalcified, and paraffin embedded. H&E staining was performed, and representative images from each group are shown. The outline of the tibia is indicated by the dashed line at 40 x. The boxes indicate the region shown in the higher magnification images. Note the tumor growth and bone destruction of the posterior proximal tibia (arrows) in the S100A6 group and to a lesser extent in the control groups. The bone marrow space in the S100A6 group was filled with tumor (asterisks). This is in contrast to the normal marrow in the control and siS100A6 groups. B, bone cortex of the posterior tibia; M, marrow; and T, tumor.
S100A6 promotes cell cycle progression and inhibits apoptosis in human OS cells
To understand the possible mechanism underlying proliferation and tumor growth, we examined the effect of S100A6 expression on cell cycle progression in human OS cell lines. Subconfluent 143B cells were transduced with AdS100A6, AdR-siS100A6, or AdRFP for 48h and subjected to flow cytometry. Consistent with the aforementioned results of cell proliferation assays, a significantly lower percentage (e.g., 24.98%) of cells were found to be in G1 phase following transduction with AdS100A6 when compared to the control (33.3%) and AdsiS100A6 transduction group (36.8%) (p < 0.05) (Fig. 5a) .
We further examined the effect of S100A6 expression on apoptosis in human OS cell lines. When the OS cells were transduced with AdS100A6, AdR-siS100A6, and AdRFP and stained with an antibody against cleaved caspase 3, increased expression was readily detected in OS cells transduced with siS100A6; caspase 3 expression was less apparent in the control and S100A6 groups (Fig. 5b) .
The effect of S100A6 on expression of pro-apoptotic genes in human OS cells was investigated using FACS analysis. S100A6 overexpression decreased the number of cells undergoing early-stage apoptosis compared to transduction with RFP; silencing S100A6 increased the number of cells undergoing early-stage apoptosis (Fig. 5c) . Quantitatively, the percentage of early apoptotic cells decreased from 48.9% in the control group to 17.78% in the S100A6 overexpression group (p < 0.01) (Fig. 5d) . Knockdown of S100A6 expression increased the number of the cells in the early apoptotic phase from 48.9% to 61.7% compared to the control (p < 0.01) (Fig. 5d) . Consequently, overexpression of S100A6 significantly increased the living cell populations in both MG63 and 143B lines (Fig. 5d) (p < 0.01). Taken together, these results demonstrate that S100A6 overexpression promotes the OS cell survival while silencing S100A6 expression increases OS cells' susceptibility to apoptosis.
Knockdown of S100A6 promotes osteogenic differentiation of MSCs
Given our prior work demonstrating that human OS development is at least in part caused by defects in the process of osteogenic differentiation [6, 7, 27 , 92], we tested Alizarin Red S staining. Subconfluent iMEFs and C3H10T 1/2 were infected with AdS100A6, AdR-siS100A6, or AdGFP control adenoviruses, and cultured in mineralization medium for 14 days. Cells were fixed and stained with Alizarin Red solution. Representative images of cell culture dishes are shown. (e) Silencing S100A6 augments BMP9-induced ectopic bone formation. Subconfluent iMEFs co-infected with AdBMP9 and AdGFP or Ad-siS100A6 were subcutaneously injected into the flanks of athymic nude mice (n = 4/ group). At 4 weeks after implantation, the mice were euthanized and ectopic bone masses were retrieved for µCT imaging. Quantitative analysis was done using Amira imaging software. the effect of S100A6 on osteogenic differentiation of MSCs. By transducing cells from the commonly-used MSC lines iMEFs and C3H10T 1/2 with AdS100A6, AdR-siS100A6, or AdRFP, we found that S100A6 knockdown effectively induced alkaline phosphatase (ALP) activity, while S100A6 overexpression seemingly inhibited ALP activity, although not to a statistically significant level when compared to the control (p>0.05) (Fig. 6a & 6b) . However, data from histochemical staining of ALP activity, demonstrated a statistically significant increase in ALP positive staining among both iMEFs and C3H10T 1/2 cells transduced with AdsiS100A6. By comparison, overexpression of S100A6 reduced the positive staining of ALP activity in both MSC cell lines (Fig. 6c) . These results strongly suggest that silencing S100A6 expression may promote mesenchymal progenitor cells towards an osteogenic lineage -a process which may be inhibited by S100A6 overexpression.
We further examined the effect of S100A6 on the late stages of osteogenic differentiation and BMP9-mediated bone formation. To analyze the effects of S100A6 overexpression and knockdown on matrix mineralization of MSCs, iMEFs and C3H10T 1/2 cells with transduced with AdS100A6, AdR-siS100A6, or AdRFP and grown in mineralization medium for 14 days. Positive mineralization nodules stained with Alizarin Red S were observed in the S100A6 knockdown group, whereas S100A6 overexpression inhibited mineralized matrix formation in vitro (Fig. 6d) .
We have previously demonstrated BMP9 to be one of the most potent osteogenic BMPs [28, 29, 32, 63, 64, 79, 93] . In pilot studies, it was demonstrated that S100A6 knockdown induces ALP activity, but not to a degree sufficient for induction of ectopic bone formation in vivo. Here, we tested the effect of S100A6 expression on BMP9-mediated bone formation. When subconfluent iMEFs co-infected with AdBMP9, AdGFP or AdsiS100A6 were subcutaneously injected into the flanks of athymic nude mice for 4 weeks, MicroCT imaging analysis indicated that the ectopic bone masses formed were significantly larger in the S100A6 knockdown group compared to those formed in the BMP9 + GFP group (Fig. 6e) . It is worth noting that S100A6 overexpression did not significantly affect BMP9-induced ectopic bone formation (data not shown). Quantitative analysis using the Amira imaging software revealed that silencing of S100A6 enhanced the bone mass volume of the BMP9-induced ectopic bone formation from 1.67 ±0.58 to 4.96 ± 1.28 mm 3 (p < 0.001) (data not shown). Taken together, the above in vitro and in vivo data strongly suggest that silencing S100A6 expression may facilitate osteogenic differentiation of MSCs.
Discussion
Several members of the S100 protein family have previously been implicated in tumorigenesis across a range of tumor types [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . Our own group has previously demonstrated that S100A6 expression was upregulated in OS compared to mesenchymal progenitor cells [35] . However, the functional role of S100A6 in tumorigenesis remains poorly characterized. Here, we chose to analyze the role of S100A6 in regulating the tumorigenic phenotypes associated with human OS to elucidate a possible role for S100A6 in development of OS.
Results of adenovirus-mediated overexpression or knockdown of S100A6 in human OS cell lines demonstrated that S100A6 accelerates a tumorigenic phenotype by promoting cell proliferation and primary tumor growth. This effect is mediated at least in part by S100A6's ability to facilitate cell cycle progression and to promote a pro-survival, antiapoptotic phenotype in OS cells. Conversely, knockdown of endogenous S100A6 enhances the expression of apoptotic markers and induces cells to progress along the osteoblastic differentiation cascade. We further demonstrated that knockdown of endogenous S100A6 not only leads to an increase in early and late osteogenic markers, but also augments BMP9-induced ectopic bone formation.
The potential link between cancer and members of the S100 protein family, namely S100A2, S100A4, S100A6, S100A7, and S100B, stems from altered levels of expression across multiple tumor types [37, 39] . Upon comparing the expression of S100 proteins in human OS cell lines, we found significant upregulation of S100A6 across all cell lines. We have previously demonstrated that endogenous expression of S100A6 is increased in patient-derived OS cell lines relative to normal osteoblasts [34, 35] . Interestingly, in a small set of mostly high-grade clinical OS samples, although increased S100A6 staining was detected in more than 80% of examined samples; increased expression levels were correlated clinically with decreased metastasis [34, 35] . In our current investigation, we did not observe pulmonary metastases despite significantly increased tumor growth with overexpression of S100A6 (data not shown). It is possible that S100A6 may have two distinct and independent functions regulating tumor growth and phenotypes for metastasis. Alternatively, the discrepancy may be due to a small patient sample size or due to a limited range of disease severity across samples.
In concordance with our current and previous findings, Muramatsu et al. have also reported increased S100A6 levels in OS tumor specimens [94] . S100A6 expression has been well studied in tumorigenesis; increased endogenous S100A6 expression has been noted across a variety of tumor types [40] . The increased expression levels also seem to directly correlate with tumor size and aggressive phenotypes [40] . These reports are consistent with our in vitro and in vivo findings, where overexpression of S100A6 leads to development of a more proliferative phenotype and a larger primary tumor. Similar results have been reported from expression analyses of gastric cancer and melanoma, where increased S100A6 levels were correlated with larger, more aggressive tumors [95, 96] . Although the difference in size of the siRNA mediated knockdown tumors did not reach statistical significance in our study, there was a noticeable decrease when compared to the controls that may be secondary to incomplete knockdown of S100A6 in the tumor cells. Nonetheless, our results strongly suggest that expression of S100A6 may directly correlate with the aggressive nature of tumors.
In its native form, binding of dimerized S100A6 to calcium induces a conformational change that facilitates binding to target proteins [39, 42, 54] . S100A6 expression is upregulated by many hormones, growth factors, and stress response mechanisms [39, 40, 42] . S100A6 deficiency has been shown to significantly inhibit the proliferation of fibroblasts, osteoblasts, and pancreatic tumor and duct cells [40, 55, 97] . It has been suggested that S100A6 controls cell proliferation by targeting cell cycle regulatory proteins. It has been reported that S100A6 binds p53 in a calcium dependent manner through its tetramerization and N-terminal domains, similar to other S100 proteins [54, 55] . Furthermore, S100A6 was shown to interfere with the phosphorylation of p53, preventing the cell from undergoing apoptosis [98] . Multiple cytogenetic abnormalities have been described in OS, including mutations in the tumor suppressor p53 and in multiple oncogenes, including Rb and Myc [6, 7, 18] . Therefore, the ability of S100A6 to bind and modulate the pathways associated with p53, Rb, or any other oncogene, may explain the tumorigenic phenotypes we observed upon S100A6 overexpression in OS cells.
The role of S100A6 in osteogenic differentiation may also provide a potential clue to its pro-survival phenotype in OS cells. Osteogenic differentiation requires a delicate balance between proliferation and differentiation of mesenchymal progenitor cells [93, [99] [100] [101] . We have demonstrated that disruptions in this balance may lead to and/or accelerate OS development and progression [6, 7, 27, 92] . Thus, augmentation of proliferation or inhibition of apoptosis would promote the tumorigenic transformation in OS development. Accordingly, we found that S100A6 knockdown in mesenchymal progenitor cells promotes differentiation and decreases cellular proliferation.
In summary, our results indicate that S100A6 is an important regulator in OS tumorigenesis. The expression level of S100A6 is upregulated in human OS. Overexpression of S100A6 results in a more tumorigenic phenotype in OS, promotes cell proliferation and tumor growth. These effects may be caused by the ability of S100A6 to regulate the cell cycle, apoptosis, and osteogenic differentiation. It is, thus, conceivable that targeting S100A6 may lead to the development of novel anti-OS therapies. 
